We perform a systematic investigation of (100) surfaces for rocksalt-structured group 2 metal oxides, namely MgO, CaO, SrO and BaO, using GGA and Hybrid-DFT exchange-correlation functionals. We examine the structural, energetic and electronic properties of the surfaces, with a specific focus on the surface ionisation potential and band bending; the latter of which we quantify by examining the density of states as a function of depth from the system surface. We report structural and energetic results in-line with previous experimental work when we use the Hybrid-DFT method, and for the electronic structure we find inequivalent band bending for the valence and conduction bands, which results in reduced ionisation potentials and the closure of the band gap at the surface when compared to bulk systems. We also report downward bending of the conduction band for MgO that brings it below the vacuum potential, unlike previous theoretical investigations, and thus indicates an origin of the positive electron affinity found in the experiment.
Introduction
Metal oxides are of technological importance due to their applications in fields such as heterogeneous catalysis and microelectronics [1] [2] [3] [4] [5] , where surface stability is a desirable material characteristic [5, 6] . For alkaline metal oxides that form in a rocksalt (NaCl) crystal structure, the (100) surface is particularly well studied owing to its stability and ease of experimental preparation [5, 7, 8] . A detailed understanding of the surface properties can be used to explain observed phenomena such as their differing catalytic activities: for instance, Liu et al. analysed the reaction of H 2 O with MgO and CaO (100) surfaces, finding that the latter formed a surface hydroxide at significantly lower pressures [9, 10] . It was suggested that dissociation of H 2 O over MgO occurs only at surface defects [11] and subsequent theoretical calculations confirm this, with preference towards corner (3-coordinate Mg) and edge (4-coordinate Mg) sites [12] [13] [14] [15] ; more recent results suggest that the reactivity found over CaO would also occur for BaO [16, 17] . CaO and SrO are also known to be better catalysts for the Tishchenko reaction: the dimerisation of aldehydes to form esters [18, 19] . This superiority may be related to the basicity of the lattice oxygens, as suggested from calculations for the etherification of glycerol where the reactivity is ordered BaO N SrO N CaO N MgO [20, 21] .
Creating a surface on a material results in an inherent stress, due to the undercoordination of surface atoms. This stress is typically relieved by structural relaxations and, in more complicated cases, atomic rearrangement [3, [22] [23] [24] [25] . Surface relaxation mechanisms have been proposed for ionic systems, with most models describing the relaxation in terms of the electrostatic interactions and short-range repulsion between ions [3, 22] . In particular, the relative shift of surface cations and anions normal to the surface, i.e. surface rumpling, is suggested as being linked to the differences in the size and polarisability for the species, though the second neighbour interactions could also be important [3, 26] . These structural changes, along with the "dangling-bonds" of the surface atoms, can lead to novel surface-specific electronic properties, such as band bending [6, 27] . However, generally such changes for rocksalt oxides, like MgO, are small due to the maintenance of 5-fold coordination by the surface atoms and the relatively low levels of rumpling that occurs, though the introduction of defects is understood to alter this equilibrium significantly [28] [29] [30] . Table 1 presents previous experimental data for MgO surface rumpling (d rum ), which is the difference in the surface protrusion between cation and anion species relative to the bulk interlayer separation; Table 1 also gives the surface relaxation (d rel ), which is the separation of the surface layer from the next underlying layer when compared to the bulk lattice constant. These are illustrated in Fig. 1 , and defined as [23] : ð2Þ where the surface normal is chosen to align with the Z-Cartesian axis, and Z a and Z c are used to identify the Z-coordinate of the anion and cation species, respectively, and Z 0 is the bulk interlayer distance (= a 0 /2). The superscript notations (1) and (2) denote the surface and first subsurface layer respectively. A positive value of d rum indicates that the anions protrude from the surface, farther than the cations; and a negative sign implies the inverse. For d rel , a positive sign implies expansion between the surface layers, whilst a negative sign implies contraction. Experimental measurements have mostly used low-energy electron diffraction (LEED), with a notable scatter in results such that d rel could be interpreted as positive or negative [31] [32] [33] [34] [35] . d rum , however, is unanimously positive with a range of 0 to 5%, indicating that the O 2− anions protrude farther from the surface than the Mg 2+ cations, consistent with measurements using coaxial impact collision ion scattering spectroscopy (CAICISS) [36] , medium energy ion scattering (MEIS) [37] , grazing incidence X-ray scattering (GIXS) [38] , and fast atom diffraction (FAD) [39] ; the latter two methods in particular report improvements in accuracy, and reduced error bars. Complementary to these experiments have been a range of computational simulations, ranging from molecular mechanics based forcefield calculations [40] , to higher-level Hartree-Fock (HF) calculations [28] . We have limited our literature data selection (Table 1) to density functional theory (DFT) calculations as we are specifically interested in these results in the context of our work; d rum is positive in all cases, matching the experimental observations, but the results acquired using the local-density approximation (LDA) [23, [41] [42] [43] are in general smaller than those obtained using the generalised-gradient approximation (GGA) [23, 41, 44, 45] . [46] . We summarise the available literature reports in Table 2 for other rocksalt structured metal oxides formed from the alkaline earth metals. The experimental literature for CaO is limited to a LEED experiment by Prutton et al. [48] , though there are many DFT calculations [23, 41, [43] [44] [45] : for these, d rum is between −1.31 to −0.2%, which is the opposite sign to experiment in all cases (2%), whereas d rel has the same sign though smaller in the experiment (−1%) than DFT (−1.12 to −2.7%).
Comparing the LDA and GGA calculations, there are similar trends as for the MgO calculations: the LDA gives lower values of d rum and d rel compared to the GGA. However, these trends are not consistent for SrO and BaO, where the LDA and GGA results are similar. γ surf , on the other hand, is consistently higher for the LDA by~0.3 J/m 2 for CaO, SrO and BaO. In general all previous DFT calculations found that rumpling of the (100) surface becomes increasingly negative as one descends group 2 of the periodic table.
The structural and energetic changes at a surface are driven largely by the underlying electrostatic potential, which depends on factors such as the undercoordination of surface atoms and the varying polarisability of the respective constituent elements. The energy levels of electrons are also determined by the electrostatic potential [49] , and typically one finds that the energy levels, particularly of the valence electrons, vary depending on the nature of a material. For an n-type material, such as ZnO, the electrostatic potential of e.g. an O 2− species generally decreases at a nonpolar surface, thus the energy of valence electrons rises, reducing the number of electrons occupying this spatial region [50, 51] . Typically, this is referred to as depletion in the space charge region, and the opposite effect (space charge accumulation) occurs in p-type materials [49, 52] . We note, however, that the space charge is often also associated with surface point defects, where for example oxide vacancies may accumulate on a surface of a metal oxide.
Generally, a dynamic equilibrium should be achieved between bound and free charges on the surface determining the space charge features. The overall increase/decrease in the energy levels of the electrons near a surface is known as the surface band bending effect, and has implicit links to properties such as the ionisation potential of a material [49, 52, 53] . Of the materials of interest in this study, MgO has been investigated previously in this context: the ionisation potential was calculated using embedded-cluster methods to decrease for the (100) surface when compared to the bulk [29, 28] , i.e. implying upward bending of the valence band maximum (VBM), which is confirmed by the experiment [54] . Upward bending for the valence band at the surface of MgO slabs has also been reported by Ochs et al., in a comparative study of (12) is the inter-layer distance between the average position of layers (1) and (2) , [(Z a (1) + Z c
)/2], as included in the numerator of Eq. (2). a 0 is the bulk lattice constant, and Z 0 (= a 0 /2) is the bulk nearest neighbour distance. ultraviolet spectroscopy and DFT: the increase in energy of the VBM at the surface was seen, though not quantified, when the calculated density of states (DOS) were decomposed into contributions from each slab layer [55] . Interestingly, however, experimental and computational measurements put the conduction band minimum (CBM) of MgO above the vacuum level [28, [56] [57] [58] [59] , i.e. bulk MgO has a negative electron affinity (DFT calculations also produced the same observations for CaO and SrO [59] ). However, when the MgO (100) surface was further investigated, a positive electron affinity is encountered in the experiment [60] , implying downwards band bending. This effect is also seen in computational studies, but the band bending is less pronounced and so a negative electron affinity is still reported [28, 61] .
In this work, we therefore build on previous studies with a systematic investigation of (100) surfaces using up-to-date GGA and Hybrid-DFT exchange-correlation functionals. We examine the (100) surfaces for rocksalt-structured group 2 metal oxides, namely MgO, CaO, SrO and BaO, calculating structural, energetic and electronic properties. Secondly we focus on the as yet unstudied surface band bending in these materials, which we quantify by examining the density of states for each system as a function of depth from the system surface, and we are able to provide some understanding for the experimental observation of a positive electron affinity at the MgO (100) surface.
Methodology
DFT calculations have been performed using a plane-wave basis set, as implemented in the software package VASP [62, 63] , to obtain accurate information of the electron energy levels. Only the valence electronic configurations were calculated explicitly, with interactions between the core and valence electrons described using the PAW method [64] all included semi-core states. A plane-wave kinetic energy cutoff of 500 eV and a Γ-centred Monkhorst-Pack grid [65] across the 1st Brillouin zone have been used throughout, with k-points spacing of 0.04 Å −1 or denser. In order to create the surface models, we firstly optimised the sole unit cell parameter for cubic rocksalts, a 0 , using the analytical stress tensor, as using experimental lattice parameters would result in artificial strain. During the optimisation of a 0 we adjusted the number of plane waves between steps to remove Pulay stress [66] . Structural convergence was achieved when the forces on all atoms were less than 0.01 eV Å −1
. We have used the GGA exchangecorrelation (XC) functionals PBE [67] and PBESol, the latter being a reparameterisation of PBE specifically designed for studying solids [68] , as well as their non-local hybrid counterparts, namely PBE0 [69] and PBESol0, wherein 25% of Hartree-Fock exchange is combined with the GGA XC functionals [69, 70] . The choice of 25% Hartree-Fock exchange is not only due to the accurate results previously reported using this parameterisation [69, 70] , but also the unbiased nature (i.e. physical arguments instead of empirical fitting) in which this exact-exchange contribution is decided upon, which is important when studying systems with varying properties [71] . Details of the calculated lattice parameters, and electronic properties for these bulk systems, are provided in our recent publication, and the reader is directed there for a more detailed discussion [59] .
To represent surface termination, slab supercells were then constructed from the optimised bulk unit cell with a (100) termination. The electronic structure in the middle of the slab should correctly reproduce the bulk electronic structure, to achieve which, it was necessary to include eight layers (16 atoms) in the slab model and a vacuum layer of at least 18 Å.
For this design, we found that the scatter of the O 1s eigenvalues was converged to 0.01 eV at the Γ-point, i.e. bulk-like, before geometry optimisation, and the dipole through a surface after geometry optimisation (as checked using a polarisable forcefield [40] ) was converged to 0.0002 e·Å. All parameters for electronic calculations were as used for the bulk calculations, except for the k-point mesh where only 1 k-point was used in the z-direction, i.e. normal to the surface. Surface energies were obtained by performing calculations on the slab system fixed in the bulk structure and then geometry optimisation was carried out with no atomic constraints and supercell parameters fixed, with structural convergence again achieved when the forces on all atoms were less than 0.01 eV Å −1
. The projected density of states (DOS) was extracted separately for each layer of atoms in the slab, and then plotted for analysis, as detailed in our recent publication on the electronic structure of non-polar ZnO surfaces [72] .
To describe structural changes after geometry optimisation of the slab model, we use both surface rumpling (d rum ) and the change in the first interlayer spacing (d rel ), as illustrated in Fig. 1 , and defined as in Eqs. (1) and (2), respectively. The cleavage energy (E cle ) and the subsequent relaxation energy (E rel ) can de defined as [41] :
where E slab (unrel) and E slab (relax) is the energy of our slab calculated before and after structural relaxation, E bulk is the energy of the bulk unit cell, N is the number of bulk units in our slab model (=8), and A is the surface area. A factor of two arises because there are two surfaces in the model -top and bottom. E cle is a positive energy, i.e. unfavourable, whereas E rel is negative, and the energies can then be combined to give the surface energy, γ surf = E cle + E rel . Typically in 3D periodic calculations, it is not possible to access the reference "vacuum" potential, and so electronic levels cannot be aligned between calculations. However, for slab models one can obtain the plateau of the electrostatic Hartree potential around the mid-point of the vacuum gap, or the "background potential", V bg , which then serves as a common absolute reference, approximating as the vacuum potential at the limit of infinite slab separation. Aligning a Kohn-Sham eigenvalue (ϵ) relative to vacuum is then achieved via [59, 73] :
where e is the charge of an electron and I is used to represent the ionisation potential, akin to Koopmans' theorem [74] . The validity of Koopmans' theory for Kohn-Sham eigenvalues has been debated previously [75] [76] [77] [78] [79] [80] [81] : the method results in significant errors in absolute ionisation potentials for core electrons [81, 80, 78] , however it does produce reasonably accurate ionisation potentials for valence electrons [76, 77] , as analysed here, as well as accurately reproducing the relative shift in binding energies for core electrons in different chemical environments [78] . Calculating the first ionisation potential, which involves taking an electron from the valence band maximum (VBM) to the vacuum, is thus I VBM = − eV bg − ϵ VBM . In our recent work we illustrated how one can also access the eigenstates for bulk environments using slab model calculations, by the explicit compensation of surface polarisation effects [59] . Here, we compare the absolute bulk eigenvalues with the calculated surface levels in this work as a method of quantifying surface band bending.
Results
The structural, energetic and electronic properties of the bulk materials are taken from our recent work on the ionisation potential of bulk rocksalt-structured metal oxides [59] , where these bulk observables are included in the Supporting information (SI). As these results are well discussed previously, we do not consider them further in the context of this work and instead direct the reader to the highlighted reference and citations therein.
Structure and energetics
Our calculated structural data for the relaxed (100) surface of MgO, CaO, SrO and BaO are presented in Fig. 2 and Table 3 . For MgO, both d rum and d rel are positive in all our calculations, and the difference between the parameterisations of the GGA and the Hybrid counterparts are small, with a range of 0.23% for both structural parameters. Our GGA-based results are in agreement for d rum with the previous PBE and PW91 calculations (2.2-2.4%, Table 1 ), but not the more recent dispersion corrected PBE-D calculations (0.06%) of Schüller et al. [39] . Furthermore, we calculate d rel as being positive whereas in the previous literature d rel is negative, though it seems that the larger negative values are prominent in relatively thin slab models (4-6 layers) whereas the thicker models of 7, 9 and 11 layers in the work of Skorodumova et al.
give d rel = 0% [44] . Irrespective, the only previous work where d rel N 0% used the LDA approach, and even that contradicted other reports [23, [41] [42] [43] .
Descending group 2, for CaO we see a similar trend as MgO for d rum , with the PBESol (−0.84%) and PBESol0 (−1.03%) results lower than for PBE and PBE0 (−0.64 and − 0.98%, respectively). d rel is also lower for PBESol (−2.32%) than PBE (−1.89%), though the difference is significantly reduced with the introduction of HF contributions (PBE0: − 1.41%; PBESol0: − 1.49%). Comparing our CaO results to those in Table 2 , we notice a greater similarity to previous work than for MgO (Table 2) , which highlights the influence of other properties, such as atomic polarisability, on the surface structure of these binary oxides. A significant difference is encountered for SrO and BaO, as the Hybrid-DFT calculations do not necessarily lower d rum and d rel . Starting with CaO, d rum for PBE (−2.15%) is higher than PBE0 (−2.18%), however the inverse is seen for PBESol (−2.40%) and PBESol0 (−2.34%) and the same trends are more pronounced for d rel . For BaO, all Hybrid-DFT results are higher than the GGA counterparts: d rel for PBE (−5.66%) is almost 0.7% higher for PBE0 (−4.98%), and there are similar differences of 0.5% between PBESol (−5.76%) and PBESol0 (−5.26%).
When compared to the previous work, our PBE results for SrO are within the range of previous GGA calculations. However for PBESol, we find that d rum and d rel are lower than this previous GGA work, by up to 0.32% for d rel . We add that for our SrO Hybrid-DFT calculations, the results also fall within the range of previous results and the same Table 3 are γ surf from our calculations. γ surf is dominated by E cle , with relaxation contributing energies of 0.01 J/m-2 b E rel b 0.07 J/m 2 . The minimum (CaO) and maximum (BaO) of E rel correlate strongly with the absolute magnitude of d rum for these systems. Overall, γ surf was found to increase in Hybrid-DFT calculations, compared to GGA, but only by at most 0.11 J/m 2 . LDA and GGA binding energies are commonly underestimates, due to the inability of these XC functionals to deal with the self-interaction [83, 84] . However, we note that in fact PBESol gives results very similar to PBE0, making this an affordable way to calculate desirable structural and energetic properties at the GGA level. In general, we find that γ surf for PBE, PBESol, PBE0 and PBESol0 is greater than most previous GGA results, though lower than the LDA results. We note that for MgO there is reasonable agreement between the experiment (1.04 J/m 2 , [46] ) and calculations using PBESol 
Electronic properties
In Table 4 we present the surface-dependent ( Overall, however, our results show changes in I VBM s at surfaces, other than BaO, meaning significant reduction in energy for the valence electrons that implies upward band bending, which has not been reported previously. We add that for MgO our results match the previous work of Sushko et al. where the MgO (100) surface ionisation potential was calculated as~6.5 eV using a Hybrid-DFT embedded-cluster model [28] .
Upwards and downwards band bending are prevalent in n-and p-type materials [85, 27, 52, 49] , respectively, though recent work has shown that the magnitude of band bending is not necessarily equal for both the valence and conduction band edges [86] [87] [88] . In the case of a two-sided slab model, charge accumulation towards or away from the slab surfaces also creates symmetric surface dipoles; and geometry changes sustained during structural optimisation, such as surface rumpling, lead to the formation of ionic dipoles/quadrupoles that also alter the electrostatic potential of the slab. As a result, this charge redistribution creates a voltage offset akin to the planar parallel-plate capacitor model [59, 89] . As a specific example, a negative charge accumulation in the middle of a slab system would result in a dipole forming on either side that points out the surface, which would raise the potential in the slab and, thus, the energy of the electronic states, in turn lowering I VBM s . For the systems presented, analysis of charge transfer using the Bader method [90] shows that, despite their lower coordination, the net charge of the surface atoms is identical to equivalent species in the middle of the slab (to 2 decimal places). This means that there is no charge transfer between surface and bulk atoms, however this does not account for polarisation of the electrons around each nucleus i.e. atomic polarisability.
Clearly, therefore, the formation of surface dipoles needs a more detailed analysis. To isolate the multipolar contributions to band bending we calculated the projected density of states for each layer of the slab in each calculation, focusing on the shift in energy for specific states as one approaches the surface from the bulk. We present in Table 5 the effective band bending for the valence and conduction band (ΔVB and ΔCB, respectively) by noting the change in band energies between bulk(-like) and surface layers in the plane-projected DOS. We add that ΔE g = ΔCB − ΔVB b 0 eV is equivalent to a reduction of the band gap (E g ) at the surface of the material. Additionally, by assuming that all surface-induced changes to I VBM b , resulting in I VBM s , are due to either: bending of the valence band at the surface (ΔVB); or multipolar effects shifting the background potential (D s ); then the change in the ionisation potential can be defined as ΔI VBM = ΔVB + eD s , where e is the electron values were calculated using a polarisation-corrected slab approach and are presented with the bulk band-gap (E g ), both as calculated in our previous work [59] . The PBE XC functionals are given in italics (GGA and Hybrid-counterpart) whilst the PBESol XC functionals are given in bold. Table 5 DFT calculated ΔVB and ΔCB for the relaxed (100) surfaces of the alkaline metal oxides MgO, CaO, SrO and BaO, along with the deduced change in band gap (ΔE g ) and the dipolar shift in the background potential (D s ). The PBE XC functionals are given in italics (GGA and Hybrid-counterpart), whilst the PBESol XC functionals are given in bold. An MgO/PBE calculation with a double-thickness 16-layer slab gave results for I VBM s , ΔVB and D s that vary from the 8-layer slab by −0.02 eV, −0.05 eV and +0.08 V, and these differences should be regarded as the error bars on our results. [28, 91] until one considers the influence also of D s , as discussed below. However, more prominent for the band positions is the significant downward bending of the conduction band, with ΔCB ranging between − 0.94 (PBE) and −1.92 (PBESol0) eV. This downward bending can be attributed to the reduced coordination of the surface cations, which leads to an increase in the electrostatic potential at these sites [61] , and as a consequence, the CB is bent below the vacuum level in the Hybrid-DFT calculations (for GGA-calculations it was already positioned below the vacuum level; see Table 4 ). Previous Hybrid-DFT embedded-cluster calculations found an increase in the electron affinity for the MgO (100) surface with reducing cation coordination [28, 61] , but Sushko et al. reported that these results still placed the CBM in their calculations for a pristine surface above the vacuum level -i.e. a negative electron affinity -whereas experiments show that the CBM is below the vacuum level [60] , with an electron affinity of~1 eV. Sushko et al. comment that their results may be incorrect arising from quantum confinement [28] , due to the finite size of the embedded-cluster, and from this perspective our planewave results perhaps give greater insight into the experimental observations, as we calculate the CBM as being below the vacuum level using Hybrid-DFT, by 0.82 (PBE0) and 1.11 eV (PBESol0), with the two-sided slab model.
We note at this point that there is no discussion of the cleanliness of the MgO surface in the experimental work of Stevenson and Hensley [60] , which is not ideal given that properties like the electron affinity may depend on the surface structure. We consider that surface defects, such as oxygen vacancies, will not be influential on these properties in MgO, as the defect states will be counterbalanced by cation vacancies or charge acceptors (e.g. Li) and thus the effects limited to local areas. Furthermore, if such defects were to aggregate at the surface then we should expect uniform band-bending; however this has not been seen in experiment nor in our calculations. There remains, however, a possibility that the effect is enhanced by e.g. surface stepping, where significant change in morphology results in a large proportion of surface sites to be even more under-coordinated. By the nature of this surface, the number of differently coordinated sites in both anion and cation sublattices would be equal (neglecting point defects). Therefore, we need more experimental work to explore this area further.
The observed downward bending of the CBM in MgO is also apparent for CaO and SrO. In all cases, it is greater for Hybrid-DFT than for GGA calculations, and is greatest for PBE0. In fact, for all 3 materials PBE0 and PBESol0 position the CB below the vacuum level at the slab surface: for CaO, the slab CBM is calculated as 0.36 and 0.24 eV, using PBE0 and PBESol0 respectively, whilst for SrO the slab CBM is calculated as 0.14 and 0.77 eV using the same XC functionals. In the bulk the inverse is found, as can be deduced from Table 4 , i.e. the bulk materials have a negative electron affinity [59] : in the GGA calculations, the bulk CBM is below the vacuum level due to the underestimation of the system band gap (Table 4) . Furthermore, ΔCB is always negative in these calculations, ranging from −1.22 eV for MgO up to − 0.17 eV for CaO when using PBESol, and so the CBM is lower in energy at the surfaces than for the bulk due to the band bending. In contrast, ΔVB is positive for CaO and SrO, indicating upward band bending, but only in the range 0.14 b ΔVB b 0.39 eV and so the effects on properties such as I VBM s are limited. However, combining ΔVB with ΔCB results in an overall reduction of the bandgap (ΔE g ) up to as much as 1.92 eV for MgO when using PBESol0, which could have significant effects on the material properties at the surface. The results are different for BaO: ΔVB is similar to the other oxide materials investigated, with − 0.02 b ΔVBb0.11 eV meaning a slight upward band bending, which can be attributed to the undercoordination of the surface anions leading to reduced electrostatic potentials in these regions. However, ΔCB is now considerably reduced on comparison to the other materials investigated, with values ranging through both negative (PBE0: −0.15 eV) and positive (PBESol: 0.24 eV); the former is the only example for BaO that we discover of downwards band bending in the CB, though it is worth noting that, for all materials, ΔCB is always highest (i.e. most positive) when using the PBESol XC functional and so for BaO this exceptional positive value may be an artefact of the functional itself. Such small band bending results in relatively little change in E g overall, with − 0.13 b ΔE g b 0.26 eV, and consequently D s is smaller than seen for MgO, CaO and SrO.
Summary and conclusions
We have calculated structural and electronic properties for the rocksalt oxide structures formed by the Group 2 alkaline earth metals using density functional theory with a range of exchange-correlation functionals. It is found that MgO favours a surface rumpling arrangement where the oxygen anion protrudes farther from the surface than the magnesium cations by up to 2.31%. In the cases of CaO, SrO and BaO, however, the inverse is true with the cations protruding farther as one descends the group to heavier elements, up to 5.70% for BaO with some Hybrid-DFT functionals.
Surface relaxations follow a similar trend as one descends the periodic table, with decreasing distances between the surface and sub-surface layers. MgO is the only system where we see an expansion between the surface layers, and for all other systems contraction is prominent, with values of − 5.76% calculated for BaO using PBESol. In general, the contraction of the interlayer distance is greater than the surface rumpling, though the two appear to be closely linked. Electronic properties calculated included the surface ionisation potential and band bending. In general, the surface ionisation potentials for MgO, CaO and SrO are smaller than in our previous bulk calculations, with the results for MgO matching previously calculated results of~6.5 eV for the (100) surface. This decreased ionisation potential implies significant upward band bending of~0.5 eV in the valence band at the surface.
More detailed analysis of the band bending was conducted via decomposition of the density of states into layer-by-layer contributions, where multiple factors were found to affect the changes in ionisation potential. The change in the valence band maxima are limited to a range between − 0.33 and 0.39 eV, which is much less than the change in the ionisation potentials between the bulk and surface. We explain that the other contribution to the ionisation potential changes are the effect of a voltage offset encountered due to the formation of a surface dipole in the slab, the magnitude of which is similar for MgO, CaO and SrO; for BaO the voltage offset is minimal.
Finally, we also analyse the bending of the conduction band and observe that this shifts downwards, i.e. in the opposite direction from the valence band, in almost all cases. This effect is significant, with changes of up to 1.92 eV for MgO/PBESol0, and consequently results in band-gap closure for these materials at the (100) surface. Furthermore, the downwards bending of the conduction band minimum brings this band edge below the vacuum level, unlike previous calculations, which results in a positive electron affinity for the MgO surface; this corroborates previous experimental work where an electron affinity of~1 eV was reported. However, further work is required to verify that other structural factors, such as undercoordinated step sites, are not affecting significantly these properties.
In the future, we will expand our analysis to include higher energy terminations and hope to use these observations in summarising the effects for other commercially important materials such as CdO and SrTiO 3 , which have been specifically shown to form 2D electron gases at their surfaces [86, 92] .
